Two recent advances in quantitative convergent beam electron diffraction (CBED) developed at the University of Bristol are described in this paper. The first is a new scanning technique in which the diffracted intensities in the resulting pattern are integrated through the Bragg condition, equivalent to precessing the sample around a stationary beam. Many more reflections are excited than in a conventional diffraction pattern, excitation errors are removed and non-systematic dynamical interactions are reduced. This new technique is used for an ab-initio structure determination of Er 2 Ge 2 0 7 , the results of which are presented and compared to those from single crystal X-ray studies. The second technique is a method of making accurate bond (deformation) charge measurements for known structures by zone-axis CBED pattern matching. Results for Si [110] patterns obtained from a Hitachi HF2000 FEG-TEM with a Gatan Imaging Filter are discussed. These results are in excellent agreement with those obtained previously using the X-ray Pendelldsung technique. Key words: CBED, structure determination, precession patterns, zone-axis pattern matching, low-order structure factor refinement For many years, convergent beam electron diffraction (CBED) has been used as a qualitative method for the study of crystal symmetry, where the point and space group are deduced by inspection of the contrast within diffraction patterns.
For many years, convergent beam electron diffraction (CBED) has been used as a qualitative method for the study of crystal symmetry, where the point and space group are deduced by inspection of the contrast within diffraction patterns. 11 Recently, the development of new techniques has allowed CBED to be used in a more quantitative way to study not only the positions of atoms within a crystal but also the charge distribution forming the bonds between atoms. Two quantitative diffraction methods currently being developed at the University of Bristol are discussed in this paper. The first is a new scanning technique (analogous to the precession technique used in X-ray diffraction) for the ab-initio determination of crystal structures and the refinement of the atomic positions. 2 ' The second is a method of making very accurate measurements of electron structure factors leading to a determination of the electron distribution within a crystal and a prediction of the bond (or deformation) charge density. 31 There are three main reasons for the development of these new techniques in recent years. First, a better understanding of dynamical diffraction has made it easier to analyse the diffraction data. Second, advances in microscope technology such as energy-filters (e.g. the Gatan Imaging Filter (GIF) and Zeiss Omega-filter) and the recent implementation of the precession technique at Bristol have produced data which is more accurate and in a form that is more easily processed. Third, the increasing power of modern computers has enabled the development of powerful programs for the analysis of these new data.
The paper is divided into two main sections. The first describes the electron diffraction precession technique and its application to determining the structure of a complex oxide, Er 2 Ge 2 0 7 . The second section considers the' use of energy-filtered zone-axis CBED patterns in the measurement of the bond charge density. The analysis of patterns from the [110] axis of silicon is taken as an example.
PRECESSION PATTERNS FOR AB-INITIO STRUCTURE DETERMINATION
The principal limitation to accurate measurements of atomic positions in micron-si2ed crystals by electron diffraction is the inherently dynamical nature of the scattering process. In general, even in moderately thin crystals, the amplitudes and phases of the low-order reflections very quickly deviate from their kinematic value.
The constraints are less severe for thin organic crystals or layered inorganic materials containing principally light elements, where the dynamical coupling between reflections is greatly reduced and for these materials remarkable progress has been made. 41 Kinematic intensities are estimated from selected area diffraction patterns, where buckling of the film within the area of interest produces averaged intensities approximately equivalent to rocking the specimen or reducing the curvature of the Ewald sphere. However, for materials where the area to be studied is sub-micron in size and therefore a focused probe is a necessity, and for specimens which contain principally heavy elements, the only practical alternative is to use high order Laue zone (HOLZ) reflections which, with small structure factors and therefore long extinction lengths, can be treated in a quasi-kinematic fashion.
For a number of years, the branch structure found in HOLZ reflections has been used to refine the positions of atoms in a partially known structure, 5 ' but the use of this technique is restricted by the necessity of calculating the Bloch states at the axis of interest to enable the branch intensities within the HOLZ ring to be correctly interpreted. Even then, it is important to choose a major zone axis where the Bloch states with significant excitation are localised on simple atom strings. Recently, a new technique has been developed which overcomes the problem of interpreting the branch structure and, as such, is well-suited for ab-initio structure determination.
2 ' A schematic diagram showing the important features of the new technique is shown in Fig.  1 . A focused beam is scanned at a constant angle around the optic axis to produce hollow-cone illumination. Having passed through the specimen, the direct and diffracted beams are de-scanned to place the direct beam back on the optic axis. The net effect is equivalent to precessing the specimen around a stationary, focused beam. Unlike a conventional CBED pattern, processed patterns include many reflections whose diffracted intensities are determined by integration through the Bragg condition. This procedure has the effect of removing excitation errors caused by the curvature of the Ewald sphere and averages the effect of non-systematic dynamical interactions. This last feature is well illustrated in the precession pattern of Fig. 2 taken at room temperature parallel to the <112> zone axis of Si. The second (and sixth) vertical rows of reflections are kinematdcally forbidden. It is evident that away from the {hhh} systematic row the reflections in the 'forbidden' rows are dramatically weaker than their nearest neighbours. This would not be the case in a conventional electron diffraction pattern taken from a crystal of similar thickness. Of course, strong systematic dynamical coupling within the {hhh} systematic row leads to an intense 222 reflection.
As a quantitative test of the technique and its applicability to structure determination, an attempt was made to determine the structure of a moderately complex oxide, Er 2 Ge 2 0 7 . Although the structure is well-known,6' for the purposes of the test, no prior information was assumed about the material. Lattice parameters, a = 6.78A, c=12.34A and the space group P4 t j2,2 were determined by conventional diffraction techniques. Figure 3 shows a precession pattern taken at 100 K parallel to the [001] zone axis of Er 2 Ge 2 0 7 . It is clear that no branch structure is present in the HOLZ reflections as expected and that the number of reflections excited in a single pattern, both in the zero layer and the HOLZ, has increased significantly. The precession angle was chosen so that the annulus of the first order Laue zone (FOLZ) reflections approached, but did not overlap, the zero order Laue zone (ZOLZ) reflections. The negative was digitised and the intensity of each reflection was measured to 8-bit precision. The local diffuse background was subtracted from each reflection, the intensities corrected for the precession geometry 21 and the Laue (kinematical) symmetry of 4 mm was imposed, as shown by the lines drawn every 45° in Fig. 3 . Using these intensities, a FOLZ conditional Patterson transform. it)
was calculated. G t indicates that only reflections in the FOLZ were included. Figure 4 shows the modulus of the conditional Patterson transform for the FOLZ reflections using the E 2 -1 formalism where E 2 = 7/<I> and <I> is the mean intensity of the reflections in the transform. This procedure slightly sharpens the Patterson map and removes the self-correlation peak at the origin. vectors between the strongest scatterers, in this case the Er atoms. By measuring these vectors, the atomic positions of the Er atoms were deduced and then refined using a least-squares technique. The effective scattering potential of the Er atoms can then be subtracted from the experimental data set by calculating the kinematic amplitude | F g , | and the phase <p Er of each HOLZ reflection assuming the structure to be composed of only Er atoms. This subtraction is accomplished by a difference Fourier transform.
(2)
where <j > B r is used as a best estimate of the true phase for each reflection, and | F El | are the experimental amplitudes. The result of this difference transform is shown in Fig. 5 . Two sets of peaks are apparent: 8 residual Er peaks arranged in a ring and 2 pairs of strong peaks which correspond to the Ge atoms. The Ge atom positions were then measured and refined together with the Er atoms. The results of this refinement are shown in the left hand column of Table 1 . In addition, an attempt was made to reveal the oxygen positions by using a second difference transform. However, the resulting transform was very noisy and it was impossible to attach significance to the peaks within the transform with any confidence.
To ascertain the validity of the refinement, and to improve the accuracy of the z-parameter, a second precession pattern was taken at the [100] zone axis. The same procedure was followed as described for the [001] pattern and the refined values for the parameters are The R-factor, a measure of the goodness-of-fit, is clearly much higher for the electron data than the single crystal X-ray data, due principally to dynamical perturbations. However, the error in the refined values remained small because of the large number of high order reflections in the data set. The final values for the atomic parameters were mostly within a single standard deviation of the X-ray results.
The great advantage of using electrons is the ability to form a small probe and thus to determine the structure Electron Microsc of sub-micron crystals. These results indicate the precession technique works well and, in principle, can be applied to many structural problems not accessible with conventional single crystal X-ray or neutron techniques.
BOND CHARGE DENSITY MEASUREMENTS FROM ZONE-AXIS CONVERGENT BEAM ELECTRON DIFFRACTION PATTERNS
Techniques for the measurement of bond charge densities have long been established in the X-ray community. 7 ' However, the accuracy of these methods is limited (except for a small range of materials) by the need to correct for extinction effects. Using a focused electron beam, it should be possible to study a far wider range of materials as it is easier to find a region of the sample to which the perfect crystal theory can be applied.
Energy-filtered zone-axis CBED patterns-were acquired using a Gatan Imaging Filter attached to a Hitachi HF2000 FEG-TEM. The filter was used to acquire only the zero-loss signal, i.e. those electrons which have undergone mainly elastic scattering. The theory of dynamical scattering in the formation of CBED patterns is now well understood. 81 The aim here Is to match theoretical calculations to the energy-filtered experimental data. In order to do this we must define some measure of the goodness-of-fit between the two data sets. This is given by a weighted sum-of-squares expression,
I -(3)
where the I" are the experimental intensities, the I, lh are the theoretical intensities, c is a normalisation coefficient, the B B are a set of background levels, the cr, 2 are the variances of the experimental intensities and N d . u is the total number of data points included in the fit.
An example of an energy-filtered Si [110] zone-axis pattern acquired using the GIF/Hitachi system is shown in Fig. 6 . The pattern demonstrates the high quality of data which is available using this system. Accurate experimental diffraction intensities are essential if high precision structure factor measurements are to be made. The microscope accelerating voltage was measured to be 198.8 ± 0.2 kV and the probe size was ~ 3 nm. The width of the GIF energy slit was ~ 5 eV allowing for the acquisition of a large elastic signal while restricting the inelastic contribution to purely phonon scattering. The sample was cooled to liquid nitrogen temperatures in order to further reduce the effects of thermal diffuse scattering (TDS). Geometrical distortions within the GIF were reduced to the order of 1% by adjusting the fcmage of one of the GIF entrance apertures until it appeared circular. In addition, the point-spread effects of the GIF were deconvoluted from the raw data.
The theoretical calculation was matched to the experimental pattern shown in Fig. 6 , i.e. minimised, by adjusting a set of variable parameters. These parameters included a set of low-order structure factors {[ / ,}, the sample thickness t (through t/2k where It is the incident electron wave-vector), the normalisation coefficient c and the set of background levels B H . Pattern matching was carried out for a set of predetermined incident beam orientations in the form of a grid. These orientations were found by using the positions of the discs and the symmetry of the bright field disc to define the zone-axis orientation and the basis vectors. 9 '
The 21x21 pixel intensity grids extracted from the Si [110] pattern in Fig. 6 are shown in Fig. 7a . The inner seven discs of the [110] pattern, i.e. (000), {111} and {002}, as shown in Fig. 7a , were used in the fit. The fitting parameters included all structure factors which cause scattering between the discs included in the fit (in this case out to {004}) plus an additional structure factor {331} to absorb errors due to the omission of higher-order terms from the fit Absorption was included by making all of the structure factors complex. Adding the thickness parameter, normalisation coefficient and three background terms (one each for (000), {111} and {002}) made a total of 17 fitting parameters.
Initially, one must find approximate values for each of the variable parameters from which to start the fit. The low-order structure factors were started from neutral atoms values obtained from Doyle and Turner 10 ' with TDS absorptive components calculated by Bird and King."' As changes in these structure factors due to bonding are expected to be small ( ~ few %) the neutral atom values are a sufficiently good initial estimate. In order to find an approximate sample thickness, patterns were calculated for a range of thicknesses assuming the atoms to be neutral (i.e. at their starting values) and x 2 was evaluated for each thickness. For each calculation, the normalisation coefficient c was found analytically. Figure 8 shows a plot of x 2 against t/2k for the extracted intensities in Fig. 7a . This shows a clear minimum (at I = 3.010A) where the optimum starting thickness can be found. Estimates of the background levels were obtained by studying the remaining intensity just outside the given diffraction disc.
Having made an initial estimate of the variable parameters, the minimisation of x2 was carried out using the quasi-Newton minimisation method.
121 This technique is well suited to functions with large numbers of parameters (e.g. the 17 we have here) and converges rapidly to a solution. The fitting calculation included 121 beams in an exact solution of the many-beam equations. A further 2 70 beams were included as Bethe potentials. The results of the fit are shown graphically in Fig. 7 . As stated earlier. Fig. 7a represents the experimental data. Figure 7b is the best fit pattern where ^2 is at a minimum. Clearly, the match between the two patterns is extraordinarily good. The elastic parts of the fitted structure factor values are listed in Table 2 . These are compared to the neutral atom starting values and those measured using the X-ray Pendellosung technique and calculated from theory.
15 ' The agreement between our electron measurements and those made previously is excellent with estimated errors far smaller than the deviation from the neutral atom starting values. Figure 9 shows the (110) slice of the bond (deformation) charge density calculated using the five lowest-order fitted structure factors (i.e. out to {004}). Again, this is in 6.79 (7) These results show that the zone-axis CBED pattern matching technique is capable of accuracies that rival those obtained with the X-ray Pendellosung technique. The use of a convergent electron beam means that it should be possible to apply the technique to a wide range of materials with similar accuracy, for example results have already been obtained from diamond, germanium and gallium arsenide (unpublished).
CONCLUSIONS
The aim of this paper was to highlight two novel quantitative techniques using convergent beam electron diffraction. The first technique, designed to determine crystal structures, was based on a new double-conical scanning system, equivalent to precessing the sample around a stationary beam, analogous to X-ray precession. This technique leads to a pattern composed of many reflections whose intensities are determined by integration through the Bragg condition. Thus, any excitation error associated with the curvature of the Ewald sphere is removed and in addition non-systematic dynamical Interactions are reduced. The integrated intensities of reflections from two patterns taken parallel to the [100] and [001] zone axes of Er2Ge20 7 were used to demonstrate how a moderately complex structure can be solved by this technique. A combination of Patterson transforms, difference Fourier maps and least-squares refinement was used to yield the final atomic positions for the Er and Ge atoms.
The second technique was based on the analysis of zero-loss energy-filtered zone axis CBED patterns to determine low-order electron structure factors to great accuarcy and thus to measure the bond (deformation) charge density. Patterns taken from the [110] zone axis of silicon were used as examples to show how highprecision measurements of low-order structure factors can be made using electron diffraction data. The accuracy achieved is comparable to previous X-ray measurements. The structure factors determined from a superposition of neutral atoms ('neutral crystal') were calculated and then subtracted from the experimental values to give a difference, or deformation, map showing the positions of the electron charge excess and deficiency, i.e. the bond charge density. Ongoing studies of Ge, diamond and GaAs suggest that similar accuracies can be obtained for a range of materials.
Both techniques have demonstrated how the TEM is developing into a truly quantitative tool to rival existing X-ray methods. An advantage of the techniques discussed here is that a focused beam is used which allows for the study of small particles or the measurement of information on a local scale. There is now the possibility of studying many systems which were previously out of the range of X-ray techniques.
